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@ Rate-responsive, distributed-rate pacemaker. 

@ A rate-responsive heart pacer in which rate-con- 
trol parameter (RCP) values are arranged in a per- 
centile ranking and mapped onto a percentile rank- 
ing of a desired rate distribution. By monitoring the 
RCP values over an extended time interval and 
developing a corresponding percentile ranking, the 
pacemaker automatically self-adapts to long-term 
changes in RCP measurements and insures that the 
desired rate distribution is obtained. 
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RATE-RESPONSIVE, DISTRIBUTED-RATE PACEMAKER 



This invention relates to rate-responsive pace- 
makers, and more particularly to a rate-responsive 
pacemaker which exhibits a predetermined rate 
distribution independent of the distribution of the 
rate-control parameter. 

A rate-responsive pacemaker is one which ad- 
justs its rate in accordance with the vaiue of a- 
measured parameter. Because the value of the 
parameter is used to control the rate, it is generally 
referred to as a rate-control parameter (RCP). The 
RCP varies with the physiological needs of the 
body and is dependent upon such factors as 
stress, and whether the patient is exercising or at 
rest. Illustrative rate-control parameters include res- 
piratory minute volume, QT interval, temperature 
and physical vibration. A rate-responsive pacemak- 
er generally exhibits some characteristic which ex- 
presses the desired rate as a function of the RCP. 
Where the rate control is based upon such a built- 
in characteristic, there are necessarily several dis- 
advantages. 

One of the disadvantages is that the RCP value 
for any given state of stress or exercise does not 
remain constant for the life of the pacemaker. In 
some cases the RCP is measured by a sensor 
attached to a pacemaker lead, or it is derived from 
the sensed electrogram signal. In either case, if the 
lead changes position, all values of the RCP may 
be shifted. If there Is no way to account for shifts of 
this kind, it is possible for ail pacing rates to be 
shifted downwardly or upwardly. 

Another shortcoming of most rate-responsive 
pacemakers is that they entail complex set-up pro- 
cedures. (See, for example, Application Serial No. 

, filed on in the name of Nappholz et al and 
entitled "Minute Volume Rate-Responsive Pace- 
maker".) There are other disadvantages with 
present-day approaches to rate-responsive pacing, 
and they will become apparent when the advan- 
tages of the subject invention are described below. 

It is a general object of my invention to provide 
a rate-responsive pacemaker which overcomes the 
disadvantages of the general prior art approach in 
which there is a one-to-one correspondence be- 
tween pacing rate and RCP value. (The invention 
has more general applicability in that it can be 
used in any automatic gain control system for 
relating a controlled parameter to a controlling pa- 
rameter.) 

In accordance with the principles of my inven- 
tion, the pacemaker is not programmed to pace at 
a particular rate for a particular value of the RCP. 
instead, there is stored a function which represents 
the desired rate distribution. Using discrete values, 
the function might call for a rate of 70 beats per 



minute (bpm) to be the operative rate 40% of the 
time, a rate of 80 bpm to be the operative rate for 
10% of the time, etc. The pacemaker also gen- 
erates a probability distribution function of recent 

5 RCP values. For example, it may be determined 
that over the last month or so 25% of the time the 
RCP had a value of 5» 20% of the time it had a 
value of 6, etc. From these two functions, two 
percentile rankings are developed. Each percentile 

70 ranking is a cumulative distribution function. The 
function for the desired rate distribution might re- 
present that the rate should be less than 60 bpm 
10% of the time, less than 65 bpm 30% of the 
time, less than 70 bpm 70% of the time, etc. The 

75 percentile ranking for the recent RCP values takes 
a similar form. For example, the RCP values over 
the last month may have been less than 3 15% of 
the time, less than 4 35% of the time, less than 5 
60% of the time, etc. 

20 The two percentile rankings are then used to 
determine the pacing rate at any instant. The in- 
stantaneous RCP is measured and its percentile 
ranking is determined from the percentile ranking 
table of recent RCP values. Using that percentile, 

25 the percentile ranking table for rates is consulted. 
The rate corresponding to the previously deter- 
mined percentile is the one used by the pace- 
maker. 

The net result is that the rates at which the 
30 pacemaker paces have a probability distribution 
which corresponds to the desired (programmed) 
rate distribution. The pacemaker is self-adapting, 
provided that there is maintained a probability dis- 
tribution function for recent RCP values. As the 
35 RCP values change with the administration of 
drugs and other long-term effects, the rate distribu- 
tion is automatically mapped onto the RCP value 
distribution. 

Further objects, features and advantages of my 
40 invention will become apparent upon consideration 
of the following detailed description in conjunction 
with the drawing, in which: 

FIG. 1 depicts the general prior art approach 
by which the rate of a rate-responsive pacemaker 
45 is determined from the value of an RCP; 

FIG. 2 represents two examples of a rate 
distribution which may be desired by a physician; 

FIG. 3 depicts a typical probability function 
for measured RCP values; 
50 FIGS. 4A and 4B depict a typical RCP prob- 

ability distribution function (histogram) and corre- 
sponding percentile ranking in the illustrative em- 
bodiment of the invention; 
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FIGS. 5A and 5B depict a typical desired 
rate probability distribution function and percentile 
ranking in the illustrative embodiment of the inven- 
tion; 

FIG. 6 depicts the percentile rankings of 
FIGS. 4B and 5B in table form, and further illus- 
trates the steps involved in going from a measured 
RCP value to the setting of the pacing rate; 

FIG. 7 is a block diagram of a pacemaker 
which implements the method of my invention; 

FIG. 8 is a flow chart of the master process- 
ing loop of the pacemaker of FIG. 7; and 

FIG. 9 is a flow chart of the steps executed 
in the "Sample RCP and Update" block of FIG. 8. 

The curve of FIG. 1 is the kind of function 
which characterizes a typical prior art rate-respon- 
sive pacemaker. For every value of the rate-control 
parameter, there is a corresponding pacing rate. 
The characteristic may be non-linear not only be- 
cause the sensor itself may be a nonlinear device, 
but also because it may be desired that the pacing 
rate vary with RCP in a non-linear fashion. The 
basic problem with providing a pacemaker with a 
built-in function of the type represented by FIG. 1 
is that the function must change with time if the 
same level of stress is always to result in the same 
pacing rate. This is because RCP values typically 
vary with the administration of drugs, changes in 
sensor sensitivity over time, etc. 

The basis for the present invention is that there 
is a desired probability distribution of pacing rates, 
of the type depicted in FIG. 2. A physician might 
desire that curve A characterize the pacer opera- 
tion. What the curve represents is the probability of 
occurrence of every pacing rate. The probability 
function is comparable to the probability distribu- 
tion function of FIG. 5A, the latter representing a 
distribution in terms of discrete rates. Referring to 
FIG. 5A, it is assumed that the physician desires 
that there be only seven possible rates, ranging 
from 60 to 90 bpm, in 5-bpm increments. The 
desired rate distribution Is such that a rate of 60 
bpm will apply 10% of the time, a rate of 65 bpm 
will apply 20% of the time, etc. Curves A and B of 
FIG. 2 represent the same kind of thing, except 
they take into account all rates and the vertical axis 
represents probability (with the area under each 
curve being equal to unity). In the illustrative em- 
bodiment of the invention continuous curves of the 
type shown in FIG. 2 do not play a part. However, 
they are helpful in understanding the invention from 
a conceptual standpoint. The physician programs 
the pacemaker with values such as those repre- 
sented in FIG. 5A - a probability distribution func- 
tion for seven specific rates. It should be noted that 
the seven probability values add up to 100% since 
it is assumed that only seven discrete values of 



rate are permitted. Two curves are shown in FIG. 2 
in order that it be appreciated that the physician 
may program different probability distribution func- 
tions into a pacemaker. Curve A might apply to an 

5 inactive patient, while curve B might apply to an 
active patient; in the latter case, the rate curve is 
skewed toward a higher range. In general, it is 
contemplated that there might be three probability 
distribution functions which the physician might 

10 choose from in programming the pacemaker, for 
sedate, normal and active patients. One such prob- 
ability distribution function is shown in FIG. 5A. 
Whichever function is programmed, that is the 
function which the physician desires to apply to the 

15 patient for the life of the pacemaker, or at least 
until it is re-programmed. 

It should be noted that the probability distribu- 
tion function in no way correlates rates and RCP 
values. All that is known from the probability dis- 

20 tribution function is that if a continuous record is 
kept of how often the pacer operated at each of the 
possible rates, it will be found that each rate was in 
effect for a percentage of the total time which 
corresponds to that shown in FIG. 5A. How the 

25 desired distribution is achieved based upon mea- 
sured values of RCP is what the invention is all 
about. 

Whereas FIG. 2 depicts the desired probability 
of rate, the curve of FIG. 3 depicts the probability 

30 of RCP values as actually measured. For each 
value of RCP, there is a certain probability that it 
will be measured. The curve of FIG. 3 is not fixed 
as is the desired rate probability curve. The prob- 
ability of a particular RCP occur ring depends upon 

35 long-term changes, drug therapies, changes In sen- 
sor sensitivity, changes in patient lifestyle, etc. in 
other words, a curve such as that shown in FIG. 3 
represents the actual measurements of RCP, 
whereas curve A or curve B of FIG. 2 represents a 

40 permanent desired rate distribution. 

FIG. 4A represents a probability distribution 
function of recent RCP values. In accordance with 
the principles of the invention, running counts are 
maintained of measured RCP values. Only discrete 

45 values of RCP are considered; thus an RCP value 
such as 4.7 would be treated as a value of 5. The 
probability distribution function values are shown in 
FIG. 4A in normalized fashion, that is, each value is 
a percentage with the total adding up to 100%. 

50 What this means, for example, is that of all possi- 
ble RCP values over the last month or so, a value 
of 5 was measured 25% of the time, a value of 6 
was measured 20% of the time, etc. FIGS. 4A and 
5A are comparable in that they are both normalized 

55 so that the individual probabilities in each case add 
up to 100%. 

While the probability distribution function of 
FIG. 4A was said to be based on values measured 
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over the last month, it is to be understood that the 
precise interval is not important. What is important 
is that the pacer have available some kind of 
record which shows how the RCP measurements 
are varying on a long-term basis. The question is 
how to relate a probability distribution function of 
RCP values to a probability distribution function of 
desired rates, i.e., how tc go from an Instanta- 
neously measured value of RCP to an instanta- 
neous rate to be used based upon the two prob- 
ability distribution functions. 

The first step in relating RCP values to rate is 
to recast the probability distributiort functions of 
FIGS. 4A and 5A into percentile rankings of RCP 
values and rates, as shown in FIGS. 4B and 5B, A 
percentile ranking is the same as a cumulative 
distribution function (CDF). Consider the RCP value 
of 5 in the probability distribution function of FIG. 
4A. A value of 5 is measured 25% of the time, as 
shown in the figure. Similarly, a value of 3 is 
measured 15% of the time and a value of 4 is 
measured 20% of the time. What this means is that 
values of 3, 4 or 5 are measured 60% of the time. 
That is the way in which a percentile ranking of 60 
is developed for an RCP value of 5 in FIG. 4B. The 
percentile ranking of the highest possible RCP, a 
value of 8, is necessarily 100 because all mea- 
sured RCP values are less than or equal to 8. A 
percentile ranking is necessarily a monotonically 
increasing function, in a similar manner the percen- 
tile ranking of the desired rates can be derived 
from the corresponding probability distribution 
function, although the percentile ranking can ac- 
tually be programmed In the pacer without having 
to go through the mathematical manipulation start- 
ing with a probability distribution function of rates. 
Referring to FIGS. 5A and 58. for example, rates of 
75 bpm or less occur 80% of the time (as shown in 
FIG. 5B), and this value is derived by adding 
together the four individual probabilities (10%, 
20%, 40% and 10%) for the four rates which are 
equal to 75 bpm or less in FIG. 5A. 

Given the percentile rankings of RCP and rate, 
one is mapped onto the other in accordance with 
the principles of my Invention. Both are mon- 
otonically increasing functions and it is relatively 
simple to determine the rate which should apply for 
any measured value of RCP - even though the 
overall range of RCP values, and the probability 
distribution within that range, vary with time. The 
steps involved are shown in FIG. 6. Two tables are 
included in the drawing. The table on the left is 
derived from the percentile ranking of FIG. 4B, and 
the table on the right is derived from the percentile 
ranking of FIG. 5B. For example, referring to FIG. 
4B it will be seen that RCP values equal to or less 
than 6 have been measured (over the last month or 
so) 80% of the time. That is why the percentage 



column in the RCP percentile ranking table in- 
cludes a value of 80 for an RCP value of 6 or less. 
Both tables are simply another way of representing 
the percentile rankings of FIGS. 4B and 5B. 

5 The rate which is set in the pacemaker is 

derived in the following way, with reference to a 
particular example. In the following discussion, the 
steps of the method are shown by the circled digits 
1-5. The first step Involves measuring the instanta- 

10 neous value of the RCP, something which is done 
in every rate-responsive pacemaker. [As mentioned 
above, the particular RCP is of no moment insofar 
as the subject invention is concerned, although the 
assignee of this application markets a rate-respon- 

76 slve pacemaker in which the RCP is respiratory 
minute volume,] It is assumed in the example that 
the measured value of RCP is 5. In the case 
illustrated, all RCP values are to the nearest in- 
teger, and ail rate values are to the nearest multiple 

20 of 5 bpm. The RCP percentile ranking table is 
consulted and in step 2 it is determined that the 
pacemaker has been operating over the last month 
or so such that values of RCP of 5 or less have 
been measured 60% of the time. 

25 In the third step, this percentile value of 60 is 

used as an entry into the rate percentile ranking 
table. There is no percentile value of 60 since the 
values derived from FIG. 5B in the illustrated exam- 
ple have a table entry of 70 following a table entry 

30 of 30. The next highest table entry is selected, 70 
in this case. It is known from the rate percentile 
ranking table that a rate equal to or less than 70 
bpm is desired 70% of the time. In the last step, 
the pacer is set to operate at a rate of 70 bpm. 

35 It is in step 3 that the correspondence is estab- 

lished between the RCP percentile ranking and the 
desired rate percentile ranking. It is not possible to 
relate to each other the probability distribution 
functions them selves. Referring to FIG. 4A, it will 

40 be seen that RCP values of 4 and 6 both occur 
20% of the time. Referring to FIG. 5A, a rate of 65 
is desired by the physician to apply 20% of the 
time. Since any rate versus RCP curve such as 
that shown in FIG. 1 is generally monotonically 

45 Increasing as shown, or decreasing, it would not be 
possible to relate only one of the RCP values of 4 
and 6 to the 65-bpm rate. This is not to say that 
with monotonically increasing or decreasing func- 
tions several values of RCP will not map onto the 

50 same rate. For example, referring to FIG. 6 it will 
be seen that RCP values of both 4 and 5 map to a 
rate of 70 bpm. (The percentile ranking for an RCP 
of 4 Is 35%, this value falls between the 30 and 7o 
percentile entries on the rate percentile ranking 

55 table of FIG. 6, and consequently in the fourth step 
a rate of 70 bpm is once again selected.) But this 
is simply a matter of quantization. Referring to FIG. 
5A it will be seen that rates of 65 and 70 bpm are 
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desired a total of 60% of the time. It is therefore to 
be expected that multiple values of RCP will map 
onto the 65-70 bpm region of the rate percentile 
table. If the probability distribution function of de- 
sired rate involves smaller discrete steps, then 
there will be fewer "big jumps." It is apparent, for 
example, that because a rate of 70 bpm is to occur 
40% of the time, there necessarily has to be a 
40% jump in the rate percentile ranking table as 
shown in FIG. 6. Obviously the jumps would be 
much smaller If rates of 67, 69, 71 and 73 were 
each to occur 10% of the time. 

One question is why in step 3 of FIG. 6 an 
entry is made to the percentile ranking of 70 rather 
than a percentile ranking of 30. It is not because 
the value of 60 taken from the RCP percentile 
ranking table is closer to 70 than to 30. Were the 
RCP value measured equal to 4 and a percentile 
ranking of 35 derived from the left table of FIG. 6 In 
step 2, the entry to the rate percentile ranking table 
would still be to the 70 line rather than the 30 line, 
even though 35 is closer to 30 than to 70. The 
reason has to do with the mapping rationale. In the 
example shown in FIG. 6, an RCP value exists 
such that this value and lesser values have been 
obtained 60% of the time over some relatively long 
interval. What is therefore desired is a rate such 
that that rate and slower rates similarly are desired 
60% of the time. Were the rate percentile ranking 
table of FIG. 6 entered at the 30 level, for which a 
rate of 65 bpm would be set, what it would mean is 
that a rate was selected such that that rate and 
lower values are desired 30% of the time. That 
does not correspond to RCP values which have 
been measured 60% of the time. But an entry to 
the rate percentile ranking table at the 70 line 
means that the rate which will be set and all lower 
rates are desired 70% of the time. This necessarily 
means that they are desired at least 60% of the 
time, and this corresponds to the range of RCP 
values (3-5) which have been measured 60% of the 
time. 

Referring to FIG. 6, it will be seen that for a 
measured RCP value of 3. the percentile ranking is 
15. In step 3 of the method of the invention, the 
rate percentile ranking table is entered between the 
10 and 30 percentiles, and this means that the 30 
line is selected, i.e., the lowest rate which can be 
set is 65 bpm even though the physician included 
a 60-bpm rate in his rate distribution. With finer 
quantization, however, It is likely that such a situ- 
ation will not arise. Furthermore, it is certainly pos- 
sible that in the future RCP values of 3 or less will 
be represented less than 15% of the time. For 
example, suppose that they exist only 8% of the 
time. In such a case, the first entry in the RCP 
percentile ranking table will be less than 8, and for 
any value of RCP of 3 or less a rate of 60 bpm will 



be selected from the rate percentile ranking table. 

The block diagram of FIG. 7 depicts the man- 
ner in which a pacemaker can be constructed to 
implement the subject invention. A sensor input is 

5 applied over line 8 to RCP sampler 10. The sensor 
input may be a chemical measurement, an elec- 
trical parameter or even the signal picked up by a 
pacemaker electrode (shown by the numeral 35). 
The RCP sampler 10 simply delivers periodic sam- 

10 pies of the RCP to microprocessor 15. The micro- 
processor cooperates with memory 20 to derive ita 
operating instructions and for storing data. The 
microprocessor senses cardiac potentials amplified 
by amplifier 30, and similarly causes pulse gener- 

75 ator 25 to generate a pacing stimulus when it is 
needed. 

The illustrative embodiment of the invention is 
a Wl pacer; it can be standard in ail respects 
except that its escape interval is adjusted in accor- 

20 dance with the current value of the RCP. The 
master processing loop flow chart is shown in FIG. 
8. At the top. a test for heartbeat sensing is shown. 
If a heartbeat is sensed, the pace timer is reset so 
that a new escape interval can be timed. However, 

26 If a heartbeat is not sensed, a check Is made 
whether the time which has elapsed since the last 
resetting of the timer is greater than the escape 
interval. If it is, It is an indication that a stimulus is 
required, and two steps now take place. First, the 

30 pace timer is reset so that another cycle of opera- 
tion can begin. Second, the patient is paced by 
causing pulse generator 25 on FIG. 7 to operate. 

Next in the flow chart is a test whether the 
RCP sample timer exceeds five seconds. In the 

36 illustrative embodiment of the Invention, RCP sam- 
ples are taken every five seconds. As long as five 
seconds have not elapsed since the last sample 
was taken, the system simply moves on to the 
sense step at the top of the flow chart. But if five 

40 seconds have gone by, the first thing that is done 
is to reset the RCP sample timer in preparation for 
another cycle. An RCP sample is then taken and 
various updating operations take place. The box 
labeled "sample RCP and update" on the flow 

45 chart of FIG. 8 is shown In detail in FIG. 9; it is in 
the flow chart of FIG. 9 that the various steps 
described with reference to FIGS. 4-6 are carried 
out. 

After an RCP sample is taken, as shown at the 
50 top of FIG. 9, a check is made whether the RCP 
percentile update timer exceeds 3,7 hours. In the 
illustrative embodiment of the invention, the per- 
centile ranking of FIG. 48 is updated approximately 
six times per day. The timer is not exactly four 
55 hours because that would mean that six samples 
would be taken every day, at the same six times 
every day. By taking slightly more than six sam- 
ples in every 24-hour period, the sample values 
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which are stored are more representative of all 
RCP values, with each time of day being given 
equal importance. 

If it is time for the percentile ranking of FIG. 4B 
to be updated, the RCP percentile update timer is 
reset so that another sample will be used to update 
the ranking 3.7 hours from now. Then the oldest 
RCP sample in a 200-location memory is replaced 
with the current sample. The system stores the 
most recent 200 samples. If approximately six 
samples are taken each day, the samples stored 
represent the RCP values measured during the last 
month of pacer operation. 

Once the current sample replaces the oldest 
sample In the 200-locatron memory, the new per- 
centile ranking is computed. How this is done is 
described in the next step on FIG. 9. Although the 
probability distribution function of FIG. 4A need not 
actually be derived, and instead the percentile 
ranking of FIG. 4B can be derived directly from the 
200 stored samples, it Is convenient to consider the 
processing in two steps. First, as shown in FIG. 4A, 
a count is taken of the samples which correspond 
to each discrete value of RCP for which a count is 
maintained; the total is divided by two to derive the 
probability distribution function value for that par- 
ticular RCP. The percentile ranking of FIG. 4B for 
each value of RCP is then computed simply by 
adding together the probability of that value of RCP 
and the probabilities of all RCPs of lesser value. In 
effect, the percentile ranking which is derived re- 
presents the history of RCP measurements over 
the last month or so. 

The next step in FIG. 9 describes what is 
shown [n FIG. 6 of the drawing. It should be appre- 
ciated that although RCP samples are used to 
update the percentile ranking only approximately 
once every four hours, an RCP sample is taken 
every five seconds, as shown in FIG. 8, and every 
five seconds the pacing rate is adjusted in accor- 
dance with the steps shown in FIG. 6. The last step 
in the flow chart of FIG. 9 simply entails setting the 
escape interval so that it is equal to the reciprocal 
of the new rate; as In known in the art, the escape 
interval Is simply the reciprocal of the rate. 

With this description in mind, there are several 
advantages of the invention which are noteworthy. 
The first relates to the concern which has existed 
since the early days of pacemakers about the 
generation of pacing pulses at rates which are 
excessively high. While a pacemaker usually in- 
cludes a rate limiting circuit so that a maximum 
rate cannot be exceeded, that does not necessarily 
prevent sustained pacing at the maximum rate. In 
the invention, however, no matter how "wild" the 
RCP values become, high pacing rates cannot be 
sustained. In effect there is a form of negative 
feedback; the pacer self-adapts to the RCP value 



distribution, even if all of the values are unusually 
high. 

Another advantage relates to the fact that if a 
typical prior art rate-responsive pacemaker is not 

5 set up properly for a particular patient, the rate- 
responsive capability of the device will generally be 
useless. In the invention, however, not only is im- 
proper set-up of little concern, but there may be no 
need for set-up at all. Whatever the RCP values 

10 happen to be. and even if they are way too high or 
way too low because of improper set-up, the RCP 
percentile ranking is automatically mapped onto the 
percen tile ranking of the desired rate distribution. 
The set-up procedure described in the above-iden- 

15 tified Nappholz et al application requires measure- 
ments to be taken of the RCP while the patient is 
at rest and, after an interval of about an hour, when 
he suddenly starts to exercise strenuously. The 
RCP values are telemetered from the pacer and 

20 used by the programmer to program the pacer. In 
the invention there is no need for all of this, as the 
pacer self-adapts to long-term changes in RCP 
measurements which do not relate to Instantaneous 
physiological needs. 

25 Another advantage pertains to the fact that 
prior art rate-responsive pacemakers pace at the 
nominal rate most of the time, with the rate going 
up when the patient is subject to stress or when he 
exercises. But there is often no difference in rate 

30 when the patient is sitting in a chair and when he is 
sleeping. If the set-up procedure Involves a mea- 
surement of the RCP which corresponds to the 
minimum rate when the patient is at rest, there is 
generally no way to decrease the rate when the 

35 patient is sleeping. To do that would require that 
the minimum rate be set so that it corresponds to a 
still lower value of RCP which might be measured 
while the patient is asleep. (Throughout this discus- 
sion it is assumed that increasing values of RCP 

40 correspond to increasing rates; obviously, the same 
remarks still apply if in a particular case an inverse 
relationship exists.) It might be possible to extrapo- 
late, that Is, to measure the RCP value of a patient 
at rest and to compute what it should be when he 

45 is asleep so that the computed value could be set 
to correspond to the minimum rate. However, ex- 
trapolations of this type are usually not accurate. In 
the invention, on the other hand, the RCP values 
which are stored include those taken while the 

50 patient is sleeping. Those values go to make up 
the percentile ranking just as do the other values, 
and thus those values also map onto the desired 
rate distribution. Consequently, it is possible to 
provide true rate-responsive pacing over the entire 

55 gamut of patient activity. 

A most significant advantage of the invention is 
that it is applicable to any rate control parameter. 
There is no need for different kinds of processing 



6 



11 



EP 0 325 851 A2 



12 



depending on the particular RCP whicli is used. 
The entire product line of a manufacturer may 
provide the same kind of operation, whether the 
individual pacemal<ers use rate control parameters 
involving temperature, minute volume, stroke vol- 
ume, etc. The RCP values are completely arbitrary 
in the sense that there is no predesigned cor- 
respondence between them and the desired rates. 
The RCP can even be a non-linear parameter with- 
out affecting the selfradaptation (as long as 
changes in the RCP are monotonic). Even if the 
sensor is not working properly, whatever values of 
RCP actually exist have their percentife ranking 
automatfcally mapped onto the percentile ranking- 
of the desired rate distribution. This is a remarkable 
result. What it means is that if a sensor or the 
circuitry for processing the measured RCP signal 
suddenly changes characteristics, that does not 
mean that the pacemaker no longer functions prop- 
erly. It may take a month or so for the new percen- 
tile ranking of RCP values to be mapped onto the 
percentile ranking of the desired rate distribution, 
but once that takes place the pacemaker will op- 
erate as it did before. One obvious advantage of 
this is that the RCP processing may be made 
logarithmic so that the sensitivity at low values may 
be increased. 

In essence, the rate-responsive pacemaker of 
the invention exhibits a predetermined rate distribu- 
tion, regardless of the distribution of the rate-con- 
trol parameter values. This does not mean that the 
pacemaker ignores the parameter. On the contrary, 
the invention is a method of transforming an ar- 
bitrarily distributed parameter into a rate with a 
predetermined distribution. Two properties charac- 
terize the pacer of the invention. First, it is guar- 
anteed to exhibit a programmed rate distribution. 
Second, the pacing rate is guaranteed to change 
monotonically with the measured RCP value so that 
as the RCP changes in any given direction, the 
pacing rate always changes in a corresponding 
direction. 

Although the invention has been described with 
reference to a particular embodiment, it is to be 
understood that this embodiment is merely illustra- 
tive of the application of the principles of the inven- 
tion. For example, instead of the percentile ranking 
of RCP values being based upon values measured 
over the course of a month, they could be taken 
over a week and perhaps over as short an interval 
as one day. Also, in those cases where the RCP is 
not monotonic in nature, it can be transformed into 
a monotonic parameter suitable for use in the in- 
vention. It is known, for example, that blood tem- 
perature dips at the onset of demand, but then 
Increases. An RCP based on temperature might be 
transformed to a new parameter which increases in 
response to a sudden dip and also increases in 



response to an increase in temperature. In such a 
case it would be the transformed parameter which 
would be treated as the RCP whose values are 
ranked. Thus it is to be understood that numerous 
5 modifications may be made in the illustrative em- 
bodiment of the invention and other arrangements 
may be devised without departing from the spirit 
and scope of the invention. 

70 

Claims 

1. A rate-responsive heart pacer comprising 
means for measuring the value of a rate-control 

75 parameter (RCP); means for generating pacing 
pulses; and control means for (a) calculating the 
total percentage of time, over an interval of at least 
one day, that said RCP is equal to or less than 
each of at least several values, (b) for representing 

20 a desired rate distribution which for each of dif- 
ferent percentages of time indicates a rate equal to 
or greater than that which should characterize the 
pacer operation, and (c) responsive to a measured 
value of said RCP, for relating the calculated total 

25 percentage of time for that RCP to the desired rate 
for that percentage of time and setting the rate at 
which said pulse generating means operates to 
said desired rate. 

2. A control system comprising means for 
30 measuring the value of a controlling parameter; 

means for adjusting a controlled parameter; and 
control means for (a) calculating the total percent- 
age of time, over an interval which is much longer 
than the response time of the system, that said 

35 controlling parameter is equal to or less than each 
of at least several values, (b) for representing a 
desired controlled-parameter distribution which for 
each of different percentages of time indicates a 
controlled parameter equal to or greater than that 

40 which should characterize the system operation, 
and (c) responsive to a measured value of said 
controlling parameter, for relating the calculated 
total percentage of time for that controlling param- 
eter to the desired controlled parameter for that 

46 percentage of time and for causing said adjusting 
means to adjust said controlled parameter to equal 
said desired controlled parameter. 

3. A method for controlling operation of a rate- 
responsive heart pacer comprising the steps of 

50 measuring the value of a rate-control parameter 
(RCP); generating pacing pulses; calculating the 
total percentage of time, over an interval of at least 
one day, that said RCP is equal to or less than 
each of at least several values; representing a 

55 desired rate distribution which for each of different 
percentages of time indicates a rate equal to or 
greater than that which should characterize the 
pacer operation; and relating the calculated total 
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percentage of time for a measured value of said 
RCP to the desired rate for that percentage of time 
and setting the rate at which said pulse generating 
means operates to said desired rate. 

4. A method for operating a control system 
comprising the steps of measuring the value of a 
controlling parameter; calculating the total percent- 
age of time, over an interval which is much longer 
than the response time of the system, that said 
controiling parameter is equal to or less than each 
of at least several valuesr representing a desired 
controlled-parameter distribution which for each of 
different percentages of time indicates a controlled 
parameter equai to or greater than that whictr 
should characterize the system operation; and re- 
lating the calculated total percentage of time for a 
measured value of said controlling parameter to the 
desired controlled parameter for that percentage of 
time and adjusting said controlled parameter to 
equal said desired controlled parameter. 

5. A method for controlling a rate-responsive 
heart pacer comprising the steps of periodically 
measuring the value of a rate-control parameter 
(RCP). calculating a first function which represents 
the distribution of different RCP values over an 
extended time interval, storing a second function 
which represents a desired distribution of pacing 
rates, and relating said first and second functions 
to determine the instantaneous pacing rate ap- 
plicable to a measured RCP value. 

6. A method in accordance with claim 5 
wherein said first function is a percentile ranking of 
RCP values over at least a 24-hour Interval, and 
said second function is a percentile ranking of 
desired pacing rates. 

1. A method in accordance with claim 6 
wherein said applicable pacing rate Is determined 
by ascertaining from said first function the percen- 
tile rank for a measured RCP value, and using a 
corresponding percentile rank to ascertain the pac- 
ing rate from said second function. 

8. A method in accordance with claim 7 
wherein said corresponding percentile rank is the 
one ascertained from said first function or, if not 
present in the percentile ranking of said second 
function, then the next highest percentile rank in 
said second function. 

9. A method for operating a control system 
comprising the steps of periodically measuring the 
value of a controiling parameter, calculating a first 
function which represents the distribution of dif- 
ferent controlling-parameter values over a time in- 
terval which is substantially greater than* the re- 
sponse time of the control system, storing a sec- 
ond function which represents the desired distribu- 
tion of a controlled parameter, and relating said 



first and second functions to determine the in- 
stantaneous controlled parameter applicable to a 
measured controlling-parameter value. 

10. A method in accordance with claim 9 
5 wherein said first function Is a percentile ranking of 

controlling-parameter values, and said second func- 
tion Is a percentile ranking of desired controlled 
parameter values. 

11. A method in accordance with claim 10 
70 wherein said applicable controlled parameter is de- 
termined by ascertaining from said first function the 
percentile rank for a measured controlling-param- 
eter value, and using a corresponding percentile 
rank to ascertain the controlled para meter from 

75 said second function. 

12. A method in accordance with claim 11 
wherein said corresponding percentile rank Is the 
one ascertained from said first function or, if not 
present in the percentile ranking of said second 

20 function, then the next highest percentile rank in 
said second function. 

13. A method for operating a rate-responsive 
heart pacer comprising the steps of pacing at rates 
which have a predetermined desired rate dlstrlbu- 

25 tion, measuring rate-control parameter (RCP) val- 
ues and generating a percentile ranking of RCP 
values measured over a most recent interval which 
corresponds to at least one day, said RCP vaiues 
changing monotonically with changes in the phys- 

30 iologlcal needs of the patient, and mapping the 
percentile ranking of RCP values onto a percentile 
ranking of the desired rate distribution and thereby 
determining for each measured value of RCP a 
corresponding pacing rate. 

35 14. A method for operating a rate-responsive 

heart pacer comprising the steps of pacing at rates 
which have a predetermined desired rate distribu- 
tion, determining the distribution of values of a rate- 
control parameter (RCP), and correlating said RCP 

40 distribution with said desired rate distribution so as 
to determine the applicable pacing rate for any 
RCP value. 
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REPLACE OLDEST RCP SAMPLE IN 200- 
LOCATION MEMORY WITH CURRENT RCP 

SAMPLE 



COMPUTE RCP PERCENTILE RANKING BY 
COUNTING THE NUMBER OF RCP SAMPLES 
IN THE 200-LOCATION MEMORY WHICH 
ARE EQUAL TO OR LESS THAN THE , 
CURRENT RCP SAMPLE AND DIVIDE BY I'WO 



USING COMPUTED RCP PERCENTILE RANKING, 
LOOK UP NEW RATE IN RATE PERCENTILE RANK- 
ING TABLE (FOR ANY COMPUTED RCP PERCENTILE 
RANKING NOT IN RATE PERCENTILE RANKING 
TABLE, USE NEXT-HIGHEST PERCENTILE RANKING) 
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INTERVAL TO RECIPROCAL OF 
NEW RATE 



